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Traumatic brain injury (TBI) patients typically respond more slowly and with more variability

than controls during tasks of attention requiring speeded reaction time. These behavioral

changes are attributable, at least in part, to diffuse axonal injury (DAI), which affects inte-

grated processing in distributed systems. Here we use a multivariate method sensitive to

distributed neural activity to compare brain activity patterns of patients with chronic phase

moderate to-severeTBI to those of controls during performance on a visual feature integra-

tion task assessing complex attentional processes that has previously shown sensitivity

to TBI. The TBI patients were carefully screened to be free of large focal lesions that can

affect performance and brain activation independently of DAI. The task required subjects

to hold either one or three features of aTarget in mind while suppressing responses to dis-

tracting information. In controls, the multi-feature condition activated a distributed network

including limbic, prefrontal, and medial temporal structures.TBI patients engaged this same

network in the single-feature and baseline conditions. In multi-feature presentations, TBI

patients alone activated additional frontal, parietal, and occipital regions. These results are

consistent with neuroimaging studies using tasks assessing different cognitive domains,

where increased spread of brain activity changes was associated withTBI. Our results also

extend previous findings that brain activity for relatively moderate task demands in TBI

patients is similar to that associated with of high task demands in controls.
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INTRODUCTION

Impairments in attention, cognitive control, and speed of infor-

mation processing have been frequently observed after traumatic

brain injury (TBI; Stuss et al., 1989; Spikman et al., 1996; Mathias

and Wheaton, 2007). Deficits in these processes, which are consid-

ered to involve large-scale neural interactions (Mesulam, 1998),

may arise in part due to the diffuse underlying neuropathology

present after TBI. While focal lesions play a significant role in func-

tional outcome, the presence of diffuse axonal injury (DAI) is more

ubiquitous after TBI (Gentleman et al., 1995),and profound cogni-

tive deficits have been observed in patients with DAI in the absence

of focal lesions (Scheid et al., 2006). In DAI, rapid deceleration of

the head results in disruption of ionic homeostasis, cytoskeletal

misalignment, swelling of the axonal segment, and ultimate deaf-

ferentation of the axon from its synaptic field (Povlishock and

Christman, 1995; Maxwell et al., 1997), ultimately causing vol-

ume loss throughout the cerebrum, especially in patients with

moderate-to-severe injury (Levine et al., 2008). Prefrontal cor-

tical regions may be especially vulnerable due to their extensive

reentrant connections with most cortical and subcortical regions

(Petrides and Pandya, 1999). It has been suggested that func-

tional recovery of the cognitive and behavioral sequelae of TBI

may involve restoration of integration between frontal areas and

modality-specific posterior regions (Chen et al., 2006).

Functional neuroimaging studies of attention and working

memory have generally shown more widespread activation in TBI

patients as compared to healthy subjects, particularly in frontal

and temporal–parietal areas (Christodoulou et al., 2001; Levine

et al., 2002; McAllister et al., 2006; Kim et al., 2008; Turner and

Levine, 2008). This increase in the extent of neural activity after

TBI is similar to patterns that have been observed during aging,

where older participants show increased bilateral activity across

a range of memory and attentional tasks in prefrontal cortex

(Cabeza et al., 2002, 2004; de Chastelaine et al., 2011) as well as

posterior parietal cortices (Huang et al., 2011; Vallesi et al., 2011)

Greater recruitment of regions homologous to areas used for cog-

nitive processes in controls has also been found (Christodoulou

et al., 2001; Levine et al., 2002; Maruishi et al., 2007, for excep-

tion see Perlstein et al., 2004). Most previous studies have been

confounded methodologically either by the fact that TBI patients

with and without focal lesions were mixed within their samples

or because differences in behavioral performance between TBI

patients and controls made it difficult to disentangle brain activ-

ity underlying performance effects from neural changes resulting

from head injury (Levine et al., 2006). Neuroimaging studies

have also often used clinical neuropsychological tests of atten-

tion (e.g., Stroop task, PASAT) that can have limited construct

validity (Spikman et al., 2001) and where there are limited data
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concerning functional neuroanatomy supporting these tests in

healthy subjects.

Here we assessed neural activity patterns in patients with

moderate-to-severe TBI with evidence of DAI as the primary

neuropathology and without significant focal lesions. We used a

visual feature integration task designed to measure various atten-

tional processes (Stuss et al., 1989). The task included conditions

of increasing complexity and difficulty: a single-feature condi-

tion, where subjects had to respond to a Target shape consisting

of a specific combination of components and ignore other dis-

tracter shapes, requiring only one component to be kept in mind,

and a multi-feature condition where subjects could only respond

correctly to the Target shape if all three components were kept

in mind. The task also included a condition designed to assess

focused attention, in which subjects avoided potential distraction

by redundant information. TBI patients previously studied had

slower reaction times (RTs) in both single- and multi-feature con-

ditions of the task compared to controls (Stuss et al., 1989). In

addition, TBI patients demonstrated more variability in RT across

all three conditions than in comparison subjects (Stuss et al., 1994).

Thus, one major advantage to this study is the use of an experimen-

tally validated test to examine the neural correlates of attention in

TBI (Stuss et al., 2002). Given the diffuse neuropathology of our

patient sample, we predicted increases in distributed alterations in

neural activity following TBI in association with performance of

this task, particularly in prefrontal regions. We used a multivariate

neuroimage analysis method, partial least squares (PLS; McIntosh

et al., 2004), which is more sensitive to such distributed effects

than traditional univariate neuroimaging analysis approaches as it

emphasizes the interdependencies among neural regions.

MATERIALS AND METHODS

SUBJECTS

Eight patients (four males) with moderate-to-severe TBI were

recruited. All subjects were right-handed, native English speakers

and were screened for previous neurological injury, major medical

conditions affecting cognition, and history of psychiatric illness.

Three sets of comparison subjects were used. Ten healthy compar-

ison subjects (three males) were recruited for functional imaging

comparison; two other groups helped characterize TBI patients’

neuropsychological status and structural neuroimaging data (see

Table 1).

Traumatic brain injury patients were recruited from consecu-

tive admissions as part of the Toronto TBI study (Fujiwara et al.,

2008; Levine et al., 2008; Turner and Levine, 2008). All patients had

sustained a TBI as a result of a motor vehicle accident and were in

the chronic stage of recovery at the time of study participation (see

Table 1). Despite their significant TBIs, all patients demonstrated

good functional recovery as evidenced by a return to pre-injury

employment or academic status. Injury severity was determined

by GCS as documented by the trauma team leader’s score at the

time of discharge from the Trauma Unit, corresponding to the

Table 1 |Traumatic brain injury patient demographics, acute injury characteristics, structural neuroimaging data, and neuropsychological test

data.

Subject no. 1047 3646 3651 1054 3652 3639 3649 3640 Patient means (SD) Control means (SD)

DEMOGRAPHICS

Age (years) 47 28 26 26 24 31 30 20 31.5 (7.2) 27 (5)

Education (years) 16 16 18 17 17 15 16 13 16.8 (1.2) n/a

INJURY CHARACTERISTICS

Glasgow coma score 14 6 3 9 7.5 9 10.5 13 8.4 (3.4)

Loss of consciousness (h) 0.017 96 120 26 n/a 5 168 60 142.1 (154.1)

Post-traumatic amnesia (h) 168 1080 1176 240 504 504 n/a 504 669 (414.0)

Time since injury (years) 3.7 2.7 1.9 3.7 2.1 2.0 2.7 3.1 2.73 (0.72)

Severity classification Mod. Sev. Sev. Sev. Sev. Mod. Mod. Sev.

QUANTITATIVE STRUCTURAL IMAGING (µL × 104)

Gray matter volume 53.4 60 60.8 61.4 62.6 61.8 62 63.7 59.9 (3.1) 63.1 (1.6)

White matter volume 42.8 42.4 43.2 43.3 42.7 41.5 41.5 45.2 42.75 (1.0) 46.8 (1.8)

Total cerebral spinal fluid 26.9 21.2 20.1 19.2 18.6 20.7 20.6 15.6 21.2 (2.6) 16.3 (1.9)

SELECT NEUROPSYCHOLOGICALTESTS

Shipley institute of living scale (verbal) 34 36 34 28 29 34 29 24 32.4 (3.2) 30 (4)

Verbal fluency (# of words generated) 47 33 53 49 51 35 45 42 44.1 (7.4) 40 (10)

Symbol-digit, written (# correct) 58 45 61 69 56 51 69 51 59.3 (8.5) 59 (10)

Symbol-digit, oral (# correct) 66 49 83 88 67 64 88 67 71.3 (13.8) 72 (12)

Trail-making test (BA) 41 25 10 25 21 12 25 36 23.5 (9.7) 31 (15)

Wisconsin card test (perseverations) 16 14 10 11 10 13 11 18 11.9 (2.2) 20 (9)

Self-ordered pointing (total) 7 8 4 4 3 6 4 11 4.6 (2.3) 6 (4)

Three separate control groups were used. Demographics are compared to the functional imaging control subjects (N = 10). Structural neuroimaging data are compared

to age-matched healthy adults (N = 12; Levine et al., 2008). Neuropsychological data are compared to age-, education-, and socioeconomic-matched healthy adults

(N = 27; Turner and Levine, 2008). Data from all three groups are included in the column “Control” in the table.
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recommended 6-h GCS score (Teasdale and Jennett, 1974). Sever-

ity in one case (1054) was upgraded from that indicated by the

GCS due to extended post-traumatic amnesia. Seven of the eight

patients underwent a separate structural MRI protocol (for more

details see Levine et al., 2008). Interpretation by a board-certified

radiologist specializing in TBI indicated evidence of DAI-related

neuropathology (hemosiderin deposits) localized to the frontal

lobes (six patients), parietal lobes (four patients), the tempo-

ral lobe (two patient), the corpus callosum (two patients), the

basal ganglia (one patient), and the thalamus (one patient). No

patient had lesions greater than 3 mm in diameter, except patient

1047 who had a lesion in the R temporal pole, with a volume

of 0.713 µL × 104. This patient was retained in the sample as the

lesion was relatively small and in a region remote from areas crucial

to processing of the feature integration task. Whole-brain volu-

metric measures of gray matter, white matter, and CSF following

our published image analysis methods (Levine et al., 2008) showed

evidence of atrophy relative to age- and education-matched com-

parison subjects. Taken together, the radiological interpretation

and significant volume loss in the TBI patients are consistent with

DAI.

All eight patients underwent neuropsychological testing. Neu-

ropsychological test data were compared with a local normative

sample of age, education, and socioeconomically matched con-

trol subjects. TBI patients demonstrated average to high average

performance on the verbal subtask of the Shipley Institute of Liv-

ing Scale (Zachary, 1986). TBI patients also performed normally

on other neuropsychological tests of attention and executive func-

tioning, including (with one exception) a task explicitly measuring

executive control within working memory.

VISUAL FEATURE-MATCHING TASK

The experimental design was based on a previous behavioral study

that examined the relationship between RT and varying degrees

of complexity on a feature integration task in subjects with head

injury (Stuss et al., 1989).

Subjects were shown geometric shapes while scanning during

one of three conditions. In each condition, the stimuli were pre-

sented at random and considered either “Target” or “Non-target.”

Subjects were instructed to press one button to the Target stimulus

and a different button to the Non-target stimulus (see below for

details). The stimuli had three different components (shape, color,

and line orientation within the shape), and each of these could

appear in one of four possible states (see Figure 1 for examples):

(1) Single-Feature Condition: one of the four geometric shapes

selected as the Target was presented randomly. The remaining

three shapes were the Non-targets. Both Target and Non-

target shapes shared the same color and line orientation

components so that the stimuli were complex, but subjects

had to make their choice based solely on shape.

(2) Multi-Feature Condition: the Target possessed one randomly

selected combination of components. All other stimuli were

Non-targets.

(3) Redundant Condition: the stimuli were characterized by the

same components as in the multi-feature and single-feature

conditions, but no state specific to the Target could ever appear

FIGURE 1 | Depiction of the single-feature, multi-feature, and

redundant reaction time conditions. For each condition, examples of a

Target and of Non-targets are shown where relevant.

in the Non-target. For example if the Target was a red circle

with vertical lines, no Non-target appeared as red, a circle,

or with vertical lines. Hence the stimuli were as complex as

in the single- and multi-feature conditions, but most of the

information was redundant.

Stimuli were intermixed with visual fixation on a cross, which was

taken as the baseline condition for brain activity. Stimuli were pre-

sented in blocks organized by condition. The timing of the stimuli

corresponded to an event-related design so that the hemodynamic

response function (HRF) could be optimally separated out for

each stimulus.

Stimuli were presented in the following manner: participants

rested their index and middle fingers on a two-button pad. At the

beginning of each recording block, a Target stimulus was presented

for 6 s. Four seconds after the Target stimulus disappeared, a series

of 48 test stimuli were presented at inter-stimulus intervals vary-

ing between 2.5 and 7.5 s. Each test stimulus remained on screen

for 2 s or until a response was made. Twenty-five percent of the

test stimuli matched the Target in each block. Thus, there were a

total of 36 Target trials and 108 Non-target trials in each condi-

tion. In addition, there were a total of 72 visual fixation baseline

trials.

Reaction time measurements were taken for each trial. Mean

RT and variability [defined as coefficient of variation (SD/mean),

CVRT] measures were calculated for each condition for the Non-

target trials. Non-target trials were analyzed separately as they

required more complex attentional processing demands than the

Target trials. By definition, the Target trials match on all possi-

ble features, whereas the Non-target trials have to be analyzed

on a feature-by-feature basis to determine the match. In addi-

tion, because the Non-target trials share features with the Targets

in the single- and multi-feature conditions, correct response to

the Non-targets requires inhibition of the response to the Target

which may be triggered by these shared features. As there were

only 36 Target trials, these were not analyzed separately due to

lack of power. Control and TBI groups were compared on mean

RT, CVRT, and accuracy on the task using independent samples

t -tests. RT measurements were not available for one patient and

one control subject due to technical difficulties.
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fMRI SCANNING AND ANALYSES

Scanning was performed on a 3.0-T MRI system (Signa 3T94 hard-

ware, VH3M3 software; General Electric Healthcare, Waukesha,

WI, USA). Before functional scanning, standard high-resolution

three-dimensional T1-weighted fast spoiled gradient (FSPGR)

echo pulse sequence was used to acquire 124 axial anatomic

MRI slices. Functional scans were obtained using a single-shot

T2∗-weighted pulse sequence with spiral in–out, achieving 26

axial slices (TR/TE of 2000/30 ms, flip angle of 70˚, acquisition

matrix = 64 × 64, FOV of 20 cm, and 3.1 mm × 3.1 mm × 5 mm

voxel resolution).

Images were preprocessed using the analysis of functional neu-

roimages (AFNI; Cox, 1996) and Statistical Parametric Mapping

(SPM99) software (Wellcome Department of Cognitive Neurol-

ogy, London, UK). The functional time series was “despiked,” and

six parameter rigid body motion correction was done by coregis-

tering volumes to a reference functional scan using AFNI (Cox and

Jesmanowicz, 1999). The difference in the timing of slice acqui-

sition was also corrected for. Subsequently, using SPM99, images

were spatially transformed to standard MNI space (Evans et al.,

1992) using a linear transformation with sinc interpolation only.

The resulting voxel size was 4 mm × 4 mm × 4 mm. The data were

then smoothed spatially with an 8-mm full-width half- maximum

Gaussian filter. The effect of any global differences in fMRI signal

intensity between individual subjects was removed by calculating

the percentage signal change for each voxel during the active con-

ditions as compared to the signal intensity during visual fixation

for each subject within each run.

The preprocessed fMRI data were then analyzed using a PLS

approach (McIntosh and Lobaugh, 2004). Specifically, PLS is a set

of multivariate analysis techniques that can be used to identify a

new set of variables (called latent variables, LVs) that relate any set

of independent measures, such as the experimental design (as in

this study) or activity in a seed region, to a set of dependent mea-

sures, in this case, brain activity of each subject group (McIntosh

et al., 1996). PLS carries out the computation of the optimal least

squares fit to cross-block correlation between the independent

and dependent measures. In comparison to principal component

analysis (PCA), PLS has the advantage that solutions are con-

strained to the relevant experimental manipulations (McIntosh

and Lobaugh, 2004). Relative to a more traditional general linear

model (GLM) analysis, PLS is more powerful to detect distributed

changes because it analyzes the patterns of covariance across all

voxels simultaneously rather than assessing each voxel’s activity

as independent from the rest of the brain’s activity. In addition,

PLS uses a bootstrapping estimation technique that emphasizes

the reliability of voxel activation over signal strength alone, which

allows the inclusion of consistently activating voxels, which may

have been excluded in the GLM analysis into the overall brain

activity pattern. PLS data are interpreted by relating the pattern of

reliably active voxels to a set of brain scores, which are determined

for each task condition and subject group. The brain scores are

similar to the factor scores in a PCA and indicate how strongly the

subject groups express the brain activity pattern. If, for example,

the brain score for a certain condition is positive, then the subject

group expresses the pattern reliably for that condition in all voxels

that have positive values above threshold. Through this technique,

we were able to assess changes in distributed activity occurring

after the diffuse injuries caused by TBI.

Only data for Non-target trials were analyzed for the reasons

specified above. All the three task conditions (single-feature,multi-

feature, and redundant) and baseline were included in this analysis.

For each condition, the HRF of each voxel was defined as the

intensity difference from trial onset during seven consecutive post-

stimulus temporal lags (lag = 2 s or 1 TR) averaged across trials.

No assumption was made about the shape of HRF, allowing inves-

tigation of changes in task-related activity at different lags along

the whole temporal window of 14 s. The data matrix containing all

voxels and associated activity values for the seven consecutive post-

stimulus temporal lags (columns) for all conditions and subjects in

each group (rows) was mean-centered column-wise with respect

to overall grand average. Singular value decomposition (SVD) was

then applied to this matrix to generate mutually orthogonal LVs,

with decreasing order of magnitude, analogous to PCA. An LV can

be thought of as the optimal values linking the brain activity data

with the task design. Each LV consisted of: (i) a singular value, (ii)

a pattern of design scores, which provided a set of contrasts across

task conditions, and (iii) a singular image, which showed how the

spatial distribution of activity across the brain relates to the task

conditions and subject groups.

The weighted linear combinations that related the brain activ-

ity measurements to group and task design were the “salience”

values, which reflected how strongly each given voxel contributed

to an LV. A brain score was generated for each subject by mul-

tiplying the salience values by the raw voxel data. This reflected

how much a subject expressed the pattern of salience values across

voxels and temporal lags. Similarly, salience values were generated

for the design, which reflected how strongly each task condition

contributed to the LV. Design scores were generated in a similar

fashion as the brain scores using the design saliences. They can be

thought of as a set of contrasts that code the effects resulting from

the SVD.

Interpretation of the relation between the polarity of the

saliences in the singular image and the direction of HRF change in

the areas reliably activated in each LV requires relating the saliences

to the group brain scores. For instance, positive saliences would

indicate areas that are relatively more active in conditions with

positive brain scores. Conversely, negative saliences would indi-

cate areas that are relatively more active in conditions with negative

brain scores (see Figure 3 below, for an example).

The significance for each LV as a whole was determined by 500

permutation tests (Edgington, 1980), in which the observations

were randomly reordered without replacement to calculate the

probability of each LV having occurred by chance. The stability

of each voxel’s contribution to the latent variable was determined

through bootstrap resampling (Sampson et al., 1989; subjects were

re-sampled 200 times). Voxels were considered reliable if they had

a ratio of salience value to SE (hereafter referred to as the boot-

strap ratio, which can be interpreted similarly to a Z score if the

distribution for a given voxel is normal; Efron and Tibshirani,

1986). For each lag, clusters with at least 50 contiguous voxels

with a bootstrap ratio ≥ +2.5 or at least 250 contiguous voxels
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with a bootstrap ratio ≤ −2.5 (equivalent to a confidence inter-

val of 99%) were considered to be reliable. As will be seen in the

results, the asymmetric cluster size thresholds for positive and neg-

ative bootstrap ratios were dictated by large group differences in

activity patterns.

Coordinates of the voxel with the peak bootstrap ratio within

each cluster were obtained in MNI space. The approximate gyral

locations and Brodmann areas were then identified using the

Talairach Daemon tool (Lancaster et al., 2000).

We ran two supplementary PLS analyses examining the rela-

tionship between brain activity across voxels and experimental

conditions separately in both control and TBI patient groups. Reli-

ability and significance were assessed in the same way as the overall

PLS analysis described above. We then computed the intersection

between each individual group analysis with the overall analysis by

identifying voxels that had robust activity (defined by a bootstrap

ratio ± 2.5) in both analyses. This allowed us to identify voxels

in which there was a convergence of activity in one subject group

with the activity in the overall analysis and helped determine which

subject group was driving the overall activity pattern.

Supplementary analyses were done on the hemodynamic

response signal obtained from selected clusters of activity that

were identified by the Task PLS to confirm the effects obtained

between groups and across task conditions. Two-way analysis of

variances (ANOVA) looking at the effects of group and task con-

dition were conducted on clusters with both positive and negative

saliences. Subsequent simple effects analyses were then conducted.

RESULTS

Behaviorally, TBI patients and controls differed significantly

on Mean RT for all three task conditions [single-feature:

F(1,14) = 11.893, p < 0.01, Cohen’s d = −1.75; multi-feature:

F(1,14) = 23.230, p < 0.001, Cohen’s d = −2.40; redundant:

F(1,14) = 5.065, p < 0.05, Cohen’s d = −1.12]. For CVRT, there

was a significant group difference for the multi-feature condition

[F(1,14) = 7.529, p < 0.05, Cohen’s d = −1.41]. The group differ-

ence in CVRT fell just short of statistical significance for the single-

feature condition [F(1,14) = 4.290, p = 0.057 Cohen’s d = −1.09].

There was no significant difference for the redundant condition

[F(1,14) = 1.901, p = n.s., Cohen’s d = −0.66]. Finally, there was a

significant group difference in accuracy on the multi-feature con-

dition [F(1,14) = 5.134, p < 0.05, Cohen’s d = 1.08], but not the

single-feature [F(1,14) < 1, p = n.s., Cohen’s d = 0.29] or redun-

dant conditions [F(1,14) = 2.418, p = n.s., Cohen’s d = 0.73]. See

Figure 2 for the group behavioral results.

The Task PLS analysis on the fMRI data revealed one signifi-

cant LV (explained cross-block covariance = 29.94%, p < 0.024).

The group brain scores with 95% confidence intervals for the LV

are shown in Figure 3A. The brain scores are considered reli-

able if the confidence interval does not cross 0. The LV showed

similar activity patterns for TBI patients and controls, but these

activity patterns were expressed for different conditions by each

group: the multi-feature condition for controls and the single-

feature condition and baseline in TBI patients. The LV also showed

additional activity patterns in TBI patients for the multi-feature

and redundant conditions. The clusters with positive and nega-

tive saliences are listed in Table 2, respectively, and are shown in

FIGURE 2 | Mean reaction time (RT) (A), coefficient of variation on

reaction time (CVRT) (B), and (C) accuracy for each task condition for

functional imaging control subjects andTBI patients. Error bars indicate

SE of the mean. *= Significant differences between controls and TBI

(p < 0.05). **= Significant differences between control and TBI (p < 0.01).

Figure 3B. Regions with positive saliences show greater activity

for the multi-feature condition in controls and the single-feature

condition and baseline in TBI patients. These regions included

cerebellum, thalamus, ventral premotor cortex, middle and pos-

terior cingulate, dorsolateral prefrontal cortex (DLPFC), anterior

prefrontal cortex (aPFC),and the parahippocampal gyrus. Regions

with negative saliences show greater activity for the multi-feature
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FIGURE 3 | (A) Brain scores for the significant latent variable (LV) from the

task PLS analysis. Error bars indicate confidence intervals. The average brain

scores for each group and condition are considered to reliably contribute to

the LV if the confidence interval does not cross 0. The brain scores are

similar to factor scores and indicate how strongly an individual subject

expresses the patterns on the latent variable. The score is the dot product of

the subject’s raw brain activity data and the singular image from the latent

variable showing the pattern of brain activity that is most related to the

group and task differences (McIntosh et al., 2004). (B) Singular image

showing reliable clusters (number of voxels ≥ 50 for positive saliences,

number of voxels ≥ 250 for negative saliences, bootstrap ratio ≥ ±2.5). The

brain activity patterns occur five lags (10 s) after stimulus onset time. The X

axis shows the location of the axial slice with a coordinate along the Z axis

in MNI atlas space. Warm colors indicate clusters with positive bootstrap

ratios, which were more active in group and task conditions with positive

brain scores in (A). Cool colors indicate clusters with negative bootstrap

ratios, which were more active for group and task conditions with negative

brain scores. Letter designations serve as a cross-reference to regions listed

inTable 2. The bootstrap ratio map is superimposed on the average

anatomical scans from all 18 subjects.

and redundant conditions in TBI patients only and included a

widespread set of regions in frontal, parietal, and occipital cortices.

See Figures 4A,B for the results of the two-way ANOVAs on

the signal of selected voxels identified by the Task PLS.

The supplementary individual group Task PLS analyses did

not reveal a significant LV (p > 0.05) for either control or TBI

patient groups. Qualitative inspection of the intersection between

the control Task PLS and the overall analysis revealed almost no

overlap in activity patterns (Figure 5A). However there was over-

lap between TBI brain activity and the overall analysis in several

regions including two large clusters in the left inferior parietal

lobule (Figure 5B).

DISCUSSION

Our findings demonstrate differentiated functional neural activ-

ity underlying attentional processes in subjects with DAI neu-

ropathology due to TBI compared to neurologically normal indi-

viduals. Previous studies examining executive control processes

such as working memory and attention after TBI have been

confounded by the fact that heterogeneous neuropathology

subtypes were included in their samples (Kim et al., 1999;

Christodoulou et al., 2001; Perlstein et al., 2004; McAllister et al.,

2006). In the present study, focal lesions were restricted to

small hemosiderin deposits spread throughout the cortex, which

reflected the presence of DAI, except in the case of one subject who

had a small contusion in an area remote from regions supporting

attentional processes. On the whole, the subjects in our sample

showed a predominance of DAI as the underlying neuropathol-

ogy without the involvement of focal lesions. Evidence of DAI is

additionally found in the fact that our patients show whole-brain

parenchymal (gray + white matter) volume loss compared to con-

trols. The relatively pure neuropathology of our sample allowed

us to draw more specific conclusions about the effect of DAI

on neural activity supporting attention than has been previously

possible.

Previous studies with TBI subjects have shown activity changes

that occur on a distributed level (Christodoulou et al., 2001; McAl-

lister et al., 2006; Kim et al., 2008; Levine et al., 2008; Turner and
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Table 2 | Reliable clusters identified for the significant LV in the task PLS analysis (bootstrap ratios ≥ ±2.5).

Lag Cluster region BA Figure Talairach coordinates Size Bootstrap

X Y Z

A. POSITIVE SALIENCES/BOOTSTRAP RATIO

1 L Thalamus −22 −34 11 213 4.32

1 R Precentral gyrus 44 44 14 10 183 5.41

1 R Insula 13 36 −7 13 168 5.83

1 R Posterior cingulate 29 12 −46 15 147 6.37

1 R Cerebellar tonsil 30 −49 −40 140 5.77

1 R Inferior frontal gyrus 47 28 35 0 120 4.95

1 L Declive −18 −85 −23 72 4.69

1 L Parahippocampal gyrus 34 −12 −9 −20 51 4.49

2 R Cingulate gyrus 31 24 −23 36 65 4.44

2 R Cerebellar tonsil 24 −62 −39 50 3.75

3 L Inferior frontal gyrus 46 −42 35 2 94 6.21

5 L Culmen a −26 −27 −34 93 7.67

5 R Middle frontal gyrus 10 b 42 64 −9 73 6.58

5 L Caudate body c −6 5 15 65 4.32

7 L Rectal gyrus 11 −6 34 −20 78 4.57

7 R Rectal gyrus 11 12 34 −18 59 3.69

B. NEGATIVE SALIENCES/BOOTSTRAP RATIOS

1 L Red nucleus 0 −22 −4 357 −6.44

2 L Middle temporal gyrus 22 −55 −41 2 1570 −6.82

2 L Precentral gyrus 6 −48 2 31 1299 −6.48

2 R Middle frontal gyrus 46 50 21 23 963 −5.56

2 R Culmen 10 −68 −6 798 −6.98

2 L Subthalamic nucleus −8 −14 −3 739 −5.89

2 L Postcentral gyrus 3 −30 −35 44 684 −5.58

2 R Superior temporal gyrus 22 46 −17 9 667 −4.93

2 L Superior frontal gyrus 10 −18 61 17 624 −6.32

2 L Cingulate gyrus 24 −6 19 29 531 −4.66

2 L Superior frontal gyrus 6 −6 16 54 524 −5.84

2 R Postcentral gyrus 2 42 −25 40 433 −4.63

2 R Medial frontal gyrus 10 16 55 10 367 −4.89

2 R Putamen 20 14 7 364 −5.87

3 L Paracentral lobule 5 0 −30 55 2239 −8.04

3 R Medial frontal gyrus 10 10 59 10 900 −6.59

3 R Parahippocamp. gyrus 28 1 −15 643 −5.47

3 L Putamen −28 0 6 567 −6.66

3 L Precuneus 31 −30 −71 20 393 −4.89

3 R Precentral gyrus 6 50 3 20 362 −4.89

4 L Cingulate gyrus 24 −16 2 46 613 −5.88

4 R Medial frontal gyrus 6 16 5 61 497 −4.64

4 L Insula 13 −38 −44 22 443 −7.66

4 L Precentral gyrus 4 −58 −12 26 357 −6.69

5 L Cingulate gyrus 32 d −8 17 36 2197 −7.82

5 L Superior temporal gyrus 41 e −46 −29 7 1822 −13.20

5 R Superior temporal gyrus 42 f 69 −19 6 1108 −7.73

5 L Amygdala g −20 −12 −10 753 −4.33

5 R Precentral gyrus 6 h 38 −12 41 742 −6.48

5 L Medial frontal gyrus 10 i 0 66 −3 646 −6.75

5 L Inferior temporal gyrus 37 j −59 −56 −2 429 −5.40

5 R Uncus 28 k 28 1 −28 390 −7.72

(Continued)

Frontiers in Human Neuroscience www.frontiersin.org December 2011 | Volume 5 | Article 164 | 7



Raja Beharelle et al. Altered neural activity after TBI

Table 2 | Continued

Lag Cluster region BA Figure Talairach coordinates Size Bootstrap

X Y Z

5 L Putamen l −26 19 1 364 −7.47

6 R Medial frontal gyrus 6 8 −23 49 3066 −8.15

6 L Medial frontal gyrus 10 −2 60 −3 837 −7.28

6 R Inferior frontal gyrus 44 51 5 18 814 −5.22

6 L Putamen −22 16 −1 778 −7.19

6 L Inferior parietal lobule 40 −51 −36 26 536 −5.24

6 L Superior frontal gyrus 10 −22 49 5 353 −4.51

6 L Thalamus −4 −29 −6 314 −3.88

6 R Medial frontal gyrus 9 8 46 18 313 −7.17

7 L Anterior cingulate 32 −8 36 18 2266 −6.48

7 L Inferior frontal gyrus 9 −46 7 25 1593 −6.88

7 L Declive −40 −57 −17 1584 −6.51

7 L Supramarginal gyrus 40 −48 −43 33 1343 −7.37

7 R Declive 34 −61 −10 906 −5.75

7 R Superior frontal gyrus 6 16 20 54 863 −6.44

7 R Precuneus 7 24 −56 43 841 −6.79

7 R Caudate head 8 11 −4 759 −6.24

7 R Middle frontal gyrus 46 48 20 21 689 −6.24

7 L Inferior occipital gyrus 18 −30 −88 −10 624 −7.00

7 R Inferior temporal gyrus 20 48 −4 −33 395 −4.04

Lag refers to the time period, inTRs of 2 s each, after stimulus onset during which the peak bootstrap ratio occurred. Cluster region and BA indicate the locations and

Brodmann areas determined from Talairach and Tournoux (1988). A designation for cross-reference to regions active in lag 5 and appearing in Figure 3 is indicated.

The letter designation appears to the right of the region in Figure 3. Talairach coordinates x, y, and z indicate voxel coordinates in Talairach space. Size refers to the

number of contiguous voxels in the cluster. Bootstrap is an index of reliability across subjects.

Levine, 2008). Some studies have identified altered patterns of

activity compared to controls (Levine et al., 2002; Kim et al., 2008)

whereas other studies have shown load-related activity differences

in TBI patients in areas devoted to task processing that are also

active in controls (Perlstein et al., 2004). In the present study, we

demonstrate an overlapping set of regions that are active for the

task in both TBI patients and controls; however, we also find a set

of regions that are uniquely recruited by TBI patients for the more

visually complex task conditions. TBI patients and controls both

show activity in a set of regions composed of cerebellum, thal-

amus, ventral premotor cortex, middle and posterior cingulate,

DLPFC, aPFC, and the parahippocampal gyrus. These regions

have been shown to constitute large-scale networks involved in

cognitive control and maintenance of task-relevant information,

as well as play a role in spatial attention (Kim et al., 1999). A

host of studies have ascribed top-down attentional control to

the DLPFC (e.g., MacDonald et al., 2000; Koechlin et al., 2003;

Stuss and Alexander, 2007). More recent functional connectivity

work has also implicated middle cingulate/precuneus as compris-

ing a network including DLPFC that is involved in task-related

control (Dosenbach et al., 2007). In addition, the posterior cin-

gulate is related to the speed of spatial target detection (Mesulam

et al., 2001). Posterior cingulate/retrosplenial cortex has extensive

anatomical connections to neocortical and hippocampal regions

(Pandya et al., 1981), and therefore may show greater activity

during attention to events that have acquired salience through

experience. Several fMRI studies have shown the aPFC and frontal

operculum to be involved in maintenance of task sets (Braver

et al., 2003; Dosenbach et al., 2006; Sakai and Passingham, 2006),

which may be more generally related to the role of these regions in

working memory (Wager and Smith, 2003). More recent work has

described a cingulo-opercular network that includes the thalamus

and aPFC that shows sustained activity for the maintenance of task

goals (Dosenbach et al., 2007). Both networks related to top-down

control have been shown to have connections with the cerebellum

(Dosenbach et al., 2008), which is important in error monitoring

(Fiez, 1996). It has also been recently shown that TBI patients with

increased severity as indicated by GCS score show increased activ-

ity in cingulate and thalamic structures during a task requiring

cognitive control (Scheibel et al., 2009); however, these data were

taken from TBI patients in the acute phase of recovery. In addition,

it has been shown that older participants have augmented activ-

ity in regions related to cognitive control during more complex

task processing demands (Vallesi et al., 2011), which may reflect

some commonalities in neural reorganization in neuropathologies

causing damage that is diffuse in nature.

Our results demonstrate that activity in regions thought to

mediate cognitive control persists into the chronic stage of TBI

for relatively moderate task demands. We did not find activity in

the anterior cingulate and inferior parietal regions that are often

associated with attentional control networks. This may be due to

the fact that the analysis only identified overlapping clusters in
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FIGURE 4 | Percent signal change in selected voxel clusters to illustrate

group by task condition effects. (A) Regions with positive saliences show a

stronger hemodynamic response for TBI patients in the single-feature and

baseline conditions relative to the other two conditions. *= Significantly

greater response than in single-feature and baseline conditions.

∼ = Marginally significantly greater response than in single-feature and

baseline conditions. Letters and coordinates correspond to peaks specified in

Table 2A. (B) Selected regions with negative saliences show a greater

hemodynamic response for TBI patients than controls on either the

multi-feature or the redundant condition. *= Significantly greater response in

TBI patients than controls. Letters and coordinates correspond to peaks

specified inTable 2B.

FIGURE 5 | (A) Intersection between control Task PLS analysis and overall

group analysis. There is very little overlap in brain activity patterns. (B)

Intersection between TBI Task PLS analysis and overall group analysis.

Several regions show overlapping activity, including two larger clusters in

the left inferior parietal lobule, suggesting the brain activity patterns in the

overall analysis are primarily being driven by the TBI group. Design score

plots show pattern from the single group analysis in blue and the overall

group analysis in pink (repeated from Figure 3A), with design scores for

the single-feature, multi-feature, redundant, and baseline conditions

shown from left to right for each group. The design scores reflect how

much the task condition contributes to the overall latent variable pattern

for each group.
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TBI patients and controls, and these regions may show spatially

differentiated activity patterns between the subject groups.

We show that these brain activity patterns related to task pro-

cessing are activated for the multi-feature condition in controls

and the single-feature condition in TBI patients. This supports

previous findings (McAllister et al., 2001) that brain activity for

relatively moderate working memory task demands in TBI patients

is similar to processing of increased task demands in control sub-

jects. In McAllister et al. (2001) study, parametrically increasing

task load resulted in dose-dependent increases of activity in work-

ing memory-related regions for control subjects. However, TBI

patients showed augmented activity during moderate processing

loads that plateaued as task difficulty increased. Here we demon-

strate a similar dose-dependent effect for cognitive control-related

activity. Our findings show that control subjects recruit the neural

regions described above while integrating three features of the Tar-

get shape and maintaining this information throughout the task,

whereas TBI patients require the same attentional resources in

order to maintain only the shape of the target, which they are able

to do with a similar level of accuracy compared to controls (for an

analysis of the functional connectivity underlying this pattern in

patients with TBI and DAI, some of which also participated in the

present study, see Turner et al., 2011). The fact that we were able

to show this relationship in areas associated with cognitive control

underscores the importance of using a task that is experimentally

validated to measure attention as a construct when assessing the

neural correlates of TBI.

We additionally show that the TBI participants robustly recruit

the same attentional resources involved in the single-feature

condition during the baseline condition.

Importantly, this finding may inform previous research show-

ing altered functional activity after TBI (Levine et al., 2002). While

this prior study argued that altered functional activity may be due

to cortical disinhibition resulting from the axonal deafferentation

due to DAI, the results could not easily disambiguate this from

the possibility of cortical activity being instead driven by compen-

satory processes. Our demonstration of inappropriate task-related

activity occurring in the absence of a stimulus during the base-

line trials appears to support the notion that altered functional

activity in TBI is more likely due to cortical dysregulation and

an inability to inhibit activity. Furthermore, because the baseline

trials were rapidly interspersed between the task trials, the mech-

anism of cortical dysregulation resulting in task-related activity

persisting throughout the baseline may be an overall slowness in

processing of all three task conditions for the TBI patients com-

pared to the controls. Although slowness in speed of information

processing has been observed behaviorally after TBI (see Math-

ias and Wheaton, 2007 for a review), there are no neuroimaging

studies investigating a related delay in the hemodynamic response

returning to baseline, and therefore this remains an open question.

It has been suggested that a lack of focusing of activity after

TBI reflects reduced efficiency of neural processing (Levine et al.,

2002). Our results demonstrate a widespread set of frontal, pari-

etal, and occipital regions that are uniquely active in TBI patients

during the multi-feature and redundant conditions. It is likely that

this set of regions identified in TBI patients reflects decreased effi-

ciency during task processing as would also seem to be suggested by

the slowed task performance compared to controls. Similar find-

ings of more widespread activity in older participants has also been

interpreted as indicative of neural inefficiency in cases when per-

formance was matched to or worse than controls (Morcom et al.,

2007; Grady, 2008). Both of these conditions present stimuli of

increasing complexity compared to the single-feature condition.

In addition, both conditions are more difficult than the single-

feature condition because the multi-feature condition requires

subjects to integrate more than one salient feature of the Target

shape, and, while the redundant condition task can be performed

by only remembering one feature, subjects are required to suppress

responses to distracting features of the Non-target shapes. TBI

patients often show increased difficulty with focused attention and

distractibility (Levine et al., 1998), and this is reflected by the fact

that the TBI patients made more errors than controls on both the

multi-feature and redundant conditions, although this difference

was only significant during the multi-feature conditions.

Our findings support previous studies showing more dispersed

activity in TBI patients during tasks of working memory and atten-

tion (Christodoulou et al., 2001; Levine et al., 2002; Kim et al.,

2008) and strongly underscore the distributed nature of the DAI. It

is likely that rehabilitation may be accompanied by a reintegration

of regions involved in frontoparietal networks (Chen et al., 2006).

Previous research has shown decrease in the volume and degree

of activation in inferior and middle frontal and parietal regions

accompanying improved performance in TBI patients after cog-

nitive training (Kim et al., 2008). As noted above, this finding

may be related to disinhibition due deafferentation of axons as a

result of DAI. In the presence of a complex task, however, the pos-

sibility of compensatory activity changes related to coping with

increasing processing demands cannot be ruled out. Because all

of the patients in the sample are in the chronic stage, it is feasi-

ble that neuroplastic changes occurred since the time of injury.

Indeed, axonal sprouting and synaptogenesis have been shown to

take place during recovery (Povlishock, 1992).

Finally, a comparison of the intersection between the individual

control Task PLS and the overall group analysis vs. the intersection

with the individual TBI Task PLS and the overall group analysis

revealed that there was overlap mainly between TBI group activity

and the overall analysis. This indicated that the regional patterns

we identified were tapping into cognitive processing occurring

mainly in the patient group after the injury. It is important to

point out that most of the patients in the sample show relatively

normal performance on neuropsychological tests of attention,

working memory,and executive function. This is a common occur-

rence despite the fact that many TBI patients complain of having

difficulty coping with activities of daily life. The insensitivity of tra-

ditional neuropsychological tests to the subjective deficits reported

by TBI patients poses a problem in terms of diagnosis and treat-

ment. Detection of altered patterns of neural activity may provide

a more fine-tuned measure of decreased organization and effi-

ciency of cognitive processes and may be a beneficial addition to a

clinician’s standard diagnostic arsenal.
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